; on behalf of the ACT2 Study Group Abstract Background: Clinical observations and results from recent studies support the use of non-invasive vagus nerve stimulation (nVNS) for treating cluster headache (CH) attacks. This study compared nVNS with a sham device for acute treatment in patients with episodic or chronic CH (eCH, cCH). Methods: After completing a 1-week run-in period, subjects were randomly assigned (1:1) to receive nVNS or sham therapy during a 2-week double-blind period. The primary efficacy endpoint was the proportion of all treated attacks that achieved pain-free status within 15 minutes after treatment initiation, without rescue treatment. Results: The Full Analysis Set comprised 48 nVNS-treated (14 eCH, 34 cCH) and 44 sham-treated (13 eCH, 31 cCH) subjects. For the primary endpoint, nVNS (14%) and sham (12%) treatments were not significantly different for the total cohort. In the eCH subgroup, nVNS (48%) was superior to sham (6%; p < 0.01). No significant differences between nVNS (5%) and sham (13%) were seen in the cCH subgroup. Conclusions: Combing both eCH and cCH patients, nVNS was no different to sham. For the treatment of CH attacks, nVNS was superior to sham therapy in eCH but not in cCH. These results confirm and extend previous findings regarding the efficacy, safety, and tolerability of nVNS for the acute treatment of eCH.
Introduction
Cluster headache (CH) is a primary headache disorder characterized by recurrent attacks of very severe unilateral headache accompanied by restlessness and cranial autonomic symptoms (1) . CH is classified as either episodic (eCH), with attack periods lasting between 1 week and 1 year, and separated by !1 month, or chronic (cCH), with attack periods of !1 year without remission or with remission lasting <1 month (2) . Widely regarded as one of the most painful medical conditions, CH can also profoundly disturb quality of life by limiting patients' functionality in work-related, domestic, and social activities (3) .
Ideal acute therapy for CH attacks should provide rapid symptom relief with minimal adverse events. Evidence-based recommendations for acute CH therapy include the use of subcutaneous (4)/intranasal triptans (5, 6) or inhaled oxygen (7) . Although effective, these treatments have shortcomings. Triptans are relatively contraindicated in patients with cardiovascular disease (8) . While inhaled oxygen is recommended in Europe (9) , patient access varies by country across the European Union.
Vagus nerve stimulation (VNS), a well-established neuromodulation treatment for epilepsy (10) and medication-resistant depression (11) , has been successfully used open label in CH (12, 13) . Historically, approved VNS devices were surgically implanted, while more recently, non-invasive VNS methods have been designed to avoid the risks of invasive approaches. gammaCore Õ was developed as a non-invasive vagus nerve stimulation (nVNS) device for transcutaneous stimulation of the cervical branch of the vagus nerve (14) . ACT1 was a randomized, double-blind, shamcontrolled study conducted in the United States (15) . It demonstrated that nVNS as acute treatment produced a therapeutic response within 15 minutes and pain relief that was sustained through 60 minutes in patients with eCH (15) . The new study, ACT2, also compared nVNS and a sham device with respect to efficacy and safety in the acute treatment of eCH and cCH. This trial was undertaken to confirm and extend the results from ACT1 by examining additional clinical and patient-related endpoints in a European setting. The primary outcome has been reported (American Headache Society 59 th Annual Scientific Meeting; 10 June 2017, Boston, MA) (16) .
Methods

Study design and participants
This pivotal, randomized, double-blind, sham-controlled prospective study (NCT01958125) was conducted in four European countries at nine tertiary care sites, including academic medical centers and headache/pain/neurology clinics, between September 10, 2013, and October 14, 2014. It consisted of a 1-week run-in period; a 2-week, randomized, doubleblind period during which subjects were treated with either nVNS or a sham device; and a 2-week, openlabel period wherein all subjects received nVNS therapy. The study was conducted in compliance with applicable regulatory requirements and ethical principles in the latest revision of the Declaration of
Helsinki. An independent ethics committee approved the study protocol before subjects were enrolled at a site (see supplemental information for a list of independent ethics committees). All subjects provided written informed consent before participating.
Participants were required to be !18 years of age, have a diagnosis of eCH or cCH according to the International Classification of Headache Disorders (ICHD; second edition) criteria (17) . They were to refrain from starting new treatment, or changing the dose of existing treatments, for CH during the run-in and double-blind periods. Individuals with eCH who were not in a bout at the time of screening and those who were pregnant, nursing or thinking of becoming pregnant during the study, or had an abnormal baseline electrocardiogram, were excluded. Other exclusion criteria are included in the supplemental information.
Interventions and procedures
During the run-in period, subjects maintained their established standard of care regimens. A standard design with a block size of 4 was used to randomly assign subjects to treatment with either nVNS or the sham device (1:1 ratio) in addition to their standard of care regimen during the double-blind period. Each site received sealed randomization envelopes imprinted with subject numbers. Subjects were enrolled in consecutive order at each site. Unblinded trainers provided subjects with the appropriate device, as indicated by their randomization envelope, and training on its use.
Stimulation details
The nVNS device produced a proprietary low-voltage signal to generate an electrical field to stimulate the vagus nerve: pulse width 200 mS, frequency 5 kHz, intensity maximum 24 V. By contrast, the sham device produced a low-frequency biphasic signal that could be felt as a variable tingling sensation but did not stimulate the vagus nerve (18) . The nVNS and sham devices were otherwise identical in appearance, weight, visual and audible feedback, and user application. After applying a conductive gel to the device's stimulation surfaces, subjects were instructed to self-administer three consecutive 120-second stimulations ipsilateral to their CH attack at the time of attack onset (Supplemental Figure 1) . If the attack was not aborted within nine minutes after initiation of the first stimulation, three additional consecutive stimulations were allowed during a treatment session, in order to have an endpoint measurement at 15 minutes. Subjects were asked to refrain from using rescue treatments, that is, medications and/or inhaled oxygen, for 15 minutes after beginning stimulation. A minimum of six hours was required between treatment sessions.
Data collection
Subject baseline information was collected at screening (visit 1). Throughout the study, subjects used paper diaries to record all CH attacks, including pain intensity at onset and at 15 and 30 minutes after initiation of stimulation; rescue treatment use, number of stimulations used, and adverse events. Pain intensity was rated on a 5-point scale: 0, no pain to 4, very severe pain (19) . During visit 2 (end of run-in period), randomized treatment was assigned. During visit 3 (end of double-blind period), initial devices were collected, new devices were distributed, and blinding assessments were completed.
Study endpoints
All efficacy endpoints were assessed for the total cohort and the eCH and cCH subgroups. The primary efficacy endpoint was the proportion of all treated attacks that achieved pain-free status (i.e. pain score of 0) within 15 minutes after treatment initiation. Secondary efficacy endpoints included the mean proportion of treated attacks per subject that achieved responder status (i.e. pain score of 0 or 1) within 30 minutes, mean proportion of treated attacks per subject that achieved painfree status within 30 minutes, and mean change in pain intensity from attack onset to 15 and 30 minutes after treatment initiation. The proportions of subjects who achieved pain-free status and who achieved responder status in !50% of treated attacks at 15 minutes were evaluated as exploratory efficacy end points to allow parallel comparison with results from other studies. For all efficacy endpoints that involved pain-free/ responder status, if rescue treatment was used at any point after initiation of stimulation for an attack, that attack was counted as a treatment failure (i.e. non-painfree/non-responder). Only attacks for which no rescue treatment was used were included in the analysis of mean change in pain intensity.
The primary safety endpoint was the occurrence of adverse effects (AEs), including type, number, and relationship to the study device. Blinding was assessed by tallying responses when the subjects were asked to guess their treatment group assignment.
Statistical methods
The Full Analysis Set, defined as all subjects who had !1 post-run-in period efficacy assessment, was used for the primary, secondary, and exploratory efficacy analyses described here unless otherwise noted. Assuming a response probability of 0.3 for the sham group and 0.6 for the nVNS group, a sample size of 54 per group, including a 10% margin for dropout, was determined to provide 80% power with respect to the primary endpoint. All statistical analyses were performed using SAS Õ Software version 9.4. For demographic and baseline characteristics, quantitative variables were summarized via descriptive statistics. Qualitative variables were summarized via counts and percentages.
For the double-blind period, the primary efficacy endpoint was evaluated using generalized estimating equations with treatment group and study site as independent factors, except in the eCH subgroup analysis, which was not adjusted for study site. A type 3 test of fixed effects was conducted to evaluate the interaction between treatment group and CH subtype.
Mean proportions of treated attacks per subject that achieved responder status and that achieved pain-free status within 30 minutes were compared between treatment groups using the Wilcoxon rank sum test with stratification by study site. Mean changes in pain intensity between attack onset and subsequent time points were evaluated via 2-sided t tests. Proportions of subjects who achieved pain-free status for !50% of treated attacks and who achieved responder status for ! 50% of treated attacks at 15 minutes were assessed using the chi-square or Fisher exact test, as appropriate.
The safety population included all subjects who were randomly assigned and received !1 device stimulation. The following safety end points were tabulated by treatment group and summarized descriptively for each study period: subjects who had !1 AE, !1 adverse device effect (ADE), !1 AE leading to study discontinuation, and !1 serious adverse event (SAE). Blinding question responses were tabulated and summarized descriptively.
No outliers were identified. Data from prematurely withdrawn subjects were included in the analyses to the extent possible.
Results
Subjects
Demographic and baseline characteristics were generally similar between treatment groups (Table 1) . Detailed subject disposition during the study is depicted in Figure 1 . In total, 495 attacks were treated with active nVNS and 400 with sham.
Efficacy, double-blind period
Primary end point. The proportions of all treated attacks that achieved pain-free status within 15 minutes did not differ between the nVNS (14%) and sham (12%) groups in the total cohort (p ¼ 0.71, Figure 2 ). There was a differential treatment effect between the eCH and cCH subgroups, as indicated by a type 3 test of fixed effects that revealed a significant interaction between treatment group and CH subtype (p ¼ 0.04). In the eCH subgroup, a higher proportion of treated attacks achieved pain-free status with nVNS (48%) than with sham (6%; p < 0.01). No treatment difference for this end point was seen in the cCH subgroup (nVNS, 5%; sham, 13%; p ¼ 0.13).
Secondary end points. The mean proportion of treated attacks per subject that achieved responder status within 30 minutes was greater with nVNS (43%) than with sham (28%) for the total cohort (p ¼ 0.05), but not for the eCH subgroup (nVNS, 58%; sham, 28%; p ¼ 0.07) or the cCH subgroup (nVNS, 37%; sham, 29%; p ¼ 0.34, Figure 3(a) ). No significant differences between treatments were found for the mean proportion of treated attacks per subject that achieved painfree status within 30 minutes (Figure 3(b) ).
Mean decreases in pain intensity from attack onset to the 15-and 30-minute time points were not significant with nVNS therapy in the total cohort. The differences between treatment groups reached significance in the eCH subgroup at both time points. There was no meaningful difference between treatment groups in the mean change in pain intensity for the cCH subgroup at either time point (Table 2) .
Exploratory end points. The proportions of subjects who achieved pain-free status in !50% of treated attacks at 15 minutes did not differ between treatment groups for the total cohort (nVNS, 17%; sham, 7%; p ¼ 0.15), the eCH subgroup (nVNS, 36%; sham, 8%; p ¼ 0.16), or the cCH subgroup (nVNS, 9%; sham, 7%; p ¼ 1.00, Figure 4(a) ). The proportion of subjects who achieved responder status for !50% of treated attacks at 15 minutes was higher with nVNS than with sham in the total Figure 4 
Efficacy, open-label period
The proportion of all treated attacks that achieved pain-free status within 15 minutes was 14% in the total cohort, 26% in the eCH subgroup, and 11% in the cCH subgroup during the open-label period. Interpretation of nVNS efficacy data from the openlabel period was limited by changes in subjects' prophylactic treatment regimens, which were allowed after completion of the double-blind period.
Safety and tolerability
AEs and Adverse Device Effects (ADEs) during the study are summarized in Supplemental Table 1 . Twenty nVNS-treated subjects (40%) and 14 shamtreated subjects (27%) had !1 AE during the doubleblind period, and 23 subjects (23%) had !1 AE during the open-label period. The proportion of subjects with !1 ADE was similar between the nVNS (18%) and sham (19%) groups during the double-blind period and was 12% during the open-label period. Two subjects reported four SAEs during the study, none of which were considered treatment related. One nVNStreated subject had severe lower abdominal and back pain during the double-blind period, which resolved without intervention. One sham-treated subject reported severe depression and anxiety during the double-blind period. The subject discontinued from the study, and both SAEs resolved. 
Blinding
Discussion
The data show that combining acute treatment outcomes in patients with eCH and cCH did not show an effect of nVNS. However, nVNS was superior to sham in patients with eCH for pain-free rates, responder rates, and decreases in pain intensity, while it was ineffective on all endpoints in cCH patients. These findings are consistent with those from open-label data (12,13) and ACT1 (15) , which also demonstrated significant responses to nVNS in acute attacks in patients with eCH but not cCH. Taken together, the new data support the use of nVNS in the treatment of acute attacks in patients with eCH. nociception, VNS inhibited both spontaneous ongoing neuronal firing and firing in response to noxious dural or superior salivatory nucleus stimulation (20) . These results suggest that the efficacy of VNS may involve modulation of nociceptive trigeminocervical neurons via direct projections and incitement of bilateral structures implicated in descending modulation of nociceptive inputs (20) . These data are consistent with an important sensory afferent role for the vagus nerve (21, 22) , and of its central projections (23) . Moreover, a role for vagal modulation in non-cranial pain has also been suggested by preclinical (24, 25) and clinical studies (26) . These data are certainly consistent with the results of the new study.
By definition, cCH involves attack periods of !1 year without remission or with remission lasting <1 month (2) . A subset of patients with cCH may be refractory to prophylactic therapy after trials with several preventive options (27) , which has led to invasive neuromodulatory approaches being considered (28, 29) . A consensus statement from the European Headache Federation has recommended appending the ICHD criteria to include a subclassification for refractory cCH (30) . Considering the refractory nature of cCH, it is perhaps not surprising that patients with this subtype may be less likely than those with eCH to respond to acute therapies (13, 15, 31) . Brain anatomy differs between patients with cCH, and both healthy individuals and patients with eCH (32), while pain and sensory thresholds studied with quantitative sensory testing are no different between eCH and cCH (33) . Establishing causal links to chronicity is difficult, such differences may contribute to the disparity in treatment response for cCH and eCH. Further research comparing the CH subtypes, as well as patients with primary (i.e. de novo) cCH and cCH that evolves from eCH, is required to understand better the mechanisms involved in chronicity and whether these exist at disease onset or develop later in the disease process. Individually, adjusted dosing could also influence treatment response in patients with cCH. During initial open-label exploratory investigations in CH, nVNS was used as both acute and preventive therapy, and dosing regimens were adjusted according to patient needs and responses to explore optimal treatment approaches (12) . No differences in the efficacy of nVNS as acute or preventive therapy were apparent All patients in the safety population who had at least one treated attack for which rescue treatments were not used and had a pain score at attack onset and at the specified post-attack onset time periods were included in the analysis. between eCH and cCH subtypes, although not all treatment outcomes were formally compared between the CH subtypes. Benefits of individually adjusted dosing in patients with cCH are also supported by findings from a retrospective review of nVNS in patients with treatment-refractory CH (34) . Such results are from open-label studies, but are nevertheless pertinent given that sustained improvements were noted in several patients with CH that had been refractory to treatment. Triptans, subcutaneous and intranasal, and inhaled oxygen are mainstays of acute therapy in CH owing to their efficacy (9) . Such therapies are limited by dosing, tolerability, and practicality issues, and efforts to develop options to fill treatment gaps continue (35) . Other neuromodulatory therapies, such as sphenopalatine ganglion stimulation (36,37), are becoming more established while the less recent approach of occipital nerve stimulation (28, 38) , has many practical challenges (39, 40) . In the current study, nVNS was safe and well tolerated. Rates of AEs were generally similar between the nVNS and sham groups, and no severe device-related AEs were reported. This profile, along with the clinical benefits demonstrated here and through previous research (15) , suggests that nVNS is a safe, effective, well-tolerated treatment for patients with eCH. As a non-pharmacologic option, nVNS can be used alongside other treatments and can easily be incorporated into therapeutic regimens. This modality could be especially useful when acute treatment options are limited owing to AEs, risk of medication overuse and/or drug interactions, or delayed/inconsistent accessibility.
The potential for unblinding is an inherent concern in the study of any medical device (41) . The issue was addressed here with a sham device that delivered a perceptible tingling sensation without stimulating the vagus nerve. Similar proportions of subjects in each group correctly guessed their treatment assignment, which suggests adequate blinding. Nevertheless, this study had limitations, including its short duration, which did not allow for evaluation of continued/change in response with long-term nVNS therapy. Some evidence suggests that patients who initially respond to nVNS as acute therapy for CH have a stable response with continued treatment (12) . In epilepsy, long-term nVNS therapy has been associated with improved efficacy, which suggests possible disease-modifying effects (10) . Such effects have yet to be substantiated in CH. Another study limitation was the imbalance between CH subtypes, with the eCH subgroup comprising <30% of subjects. This imbalance was probably due, in part, to the nature of the study sites (i.e. tertiary care centers) and the recruitment of subjects throughout the year rather than specifically when attack bouts are most common among patients with eCH, such as during seasonal transition periods (42) . The stipulation that subjects' preventive treatment regimens continue unchanged during the run-in and double-blind periods may have impeded enrollment of individuals with eCH, who may have opted to begin bridging therapies immediately rather than participate in the study. During the open-label period, subjects could alter their CH treatment regimens by adding prophylactic therapies, or changing doses of existing treatments, or both. This stipulation confounded the results, making it impossible to discern whether changes in efficacy outcomes were attributable to nVNS therapy or to other changes in treatment during this period. In addition, there is the possible bias of multiple attack treatment that we mitigate using the analytic technique, and with the secondary endpoints of treated attacks on a per subject basis. Moreover, a substantial number of attacks were treated in both arms, making multiple successful attack treatment by individuals an unlikely source of the positive outcome.
Results from this trial and prior studies underscore several potential advantages of nVNS. When used as an adjunct to a broad range of established standard of care regimens, nVNS was effective in patients with CH (13, 15) . In previous trials, nVNS therapy was associated with adherence rates !90% and treatment satisfaction rates !38% and was generally regarded as easy to use (12, 13, 15) . These findings, along with the portability and flexibility of nVNS and the fact that it can be used multiple times per day, here up to four, in conjunction with virtually any other therapy, highlight its utility. The results of the current study align with prior observations suggesting the accrual of clinical benefits with long-term nVNS therapy (12, 13, 15) .
Conclusions
In the ACT2 study, nVNS was superior to sham therapy for acute treatment of attacks in patients with eCH but not those with cCH or in the total population. nVNS was safe and well tolerated in all patients. These results confirm and extend findings from the previous ACT1 study (15) and demonstrate that nVNS is an effective acute attack treatment option for patients with eCH, with a favorable risk/benefit profile.
Clinical implications
. In patients with episodic cluster headache (eCH) but not chronic cluster headache (cCH), acute use of noninvasive vagus nerve stimulation (nVNS) led to significantly higher pain-free rates, higher responder rates, and greater decreases in pain intensity than sham therapy did. . Non-invasive vagus nerve stimulation therapy was safe and well tolerated in all patients. . These results confirm those of previous studies, indicating that nVNS is a safe and effective treatment that can be used alongside other therapies in patients with eCH without increasing the risk for drug interactions or adverse events. The data do not support the acute use of nVNS in patients with cCH. . With its favorable risk/benefit profile, nVNS could fill a gap in the treatment of cluster headache (CH).
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